INTRODUCTION
THE aim of the work reported in this paper has been to examine the genetic properties of mutations induced in polygenic systems by ionising radiation. The general background to these and related experiments has been described in an earlier publication (Lawrence, 1968) . The present results are concerned with the analysis, by means of diallel crosses, of inbred lines containing mutations affecting flowering time.
MATERIAL AND METHOD
All lines used in the experiments originated from a single long inbred line of Arabidopsis thaliana Heyn., and details of their derivation and performance can be obtained from the earlier report (Lawrence, bc. cit.) . Briefly, selection in both the early and late flowering direction was initiated in families obtained by self-pollinating single plants irradiated as seed with 90 kr. of 6oCo gamma rays. Selection continued from the second to the sixth generation inclusive after treatment. In the R group of lines, seed from selected plants were reirradiated with a dose of 90 kr. irs each generation up to and including the fifth. Plants in these lines, therefore, received an accumulated dose of 450 kr. In the A group of lines, seed were reirradiated only in the third and fifth generations, and plants therefore received an accumulated dose of 270 kr. Finally, seed from the S group of lines received no further treatment. Selection was also carried out in control families. All lines were maintained by self-pollinating single plants and at least three generations intervened between the last irradiation treatment and use of the plants as parents for constructing sets of diallel crosses. All lines were test crossed to the control and with one exception those which were found to contain only a single major gene mutation were not used as diallel parents.
Five sets of full diallel crosses, including reciprocal hybrids and selfs, were constructed. The parents for three of these sets were chosen randomly from the available selection lines, while a fourth set was concerned only with early lines from the S group. The fifth set of diallel crosses involved inbred lines from the Laibach standard collection of natural races (see Robblelen, 1965) . In most instances each parental genotype was represented by a single plant, used both as male and female, and seed taken from at least three well-filled pods in each cross or self. Two parent plants, giving two completely independent sets of crosses, were used in the first 7 x 7 diallel and one of the 4 x 4 diallels, while in the 14 x 14 diallel one plant was used as female and one as male parent. All crossing was carried out in a growth 2P room and great care taken to avoid unintentional cross or self-pollination. To ensure that the crossing technique was adequate, tests were carried out using suitably marked stocks. Since no offspring resulting from contaminant pollen were found in this test, which involved nearly a thousand progeny, such precautions were evidently successful. Each set of diallel crosses was grown in a glasshouse using a randomised block design in which each family was represented by one plot per block. Ten plants per plot were grown in each experiment except the 14 x 14 and third 7 x 7 diallel in which five plants were sown. Details of the cultural method are given in the previous paper (Lawrence, bc. cit.) .
RESULTS

(a) Mean flowering time
The mean flowering times of each family, expressed as days from sowing to the opening of the first flower in the five experiments involving the selection lines are given in tables 1 to 4. The parents for the 14 x 14 diallel include a control plant and plants taken almost equally from early and late selections in each of the three groups of lines (S, A and R). It was the most comprehensive set of crosses attempted. Parents for the first 7 x 7 diallel were drawn from one early and one late line in each of the three groups, while for the second 7 x 7 diallel the three early and three late lines from the S group were used. In both cases a parent from the control was included. The first three experiments, therefore, include approximately equal numbers of parents from early and late selection lines, and presumably a random sample of the induced mutations which survived the selection process. Since the aim of these experiments is to make inferences concerning the general population of induced mutations of this kind, an Eisenhart (1947) model II situation is envisaged in the analyses of variance. Individually, the two 7 x 7 diallels are a little small for this purpose though the 14 x 14 is probably of an adequate size. Parents for the 4 x 4 diallel were taken from the three early lines of the S group and a control line, and the progeny were grown on two occasions.
The performance of the inbred lines in the five experiments is in broad agreement with previous results (Lawrence, 1968) , but there are several exceptions. The R early lines in the 14 x 14 diallel flower later than the control, and lines S1L2 and A1L1 flower earlier than the control in the first 7 x 7 experiment. Since other evidence (Lawrence, bc. cit.) suggests that plants derived from irradiated families possess poorer developmental stability than control plants, these exceptions are to be expected. The mean flowering time of the plants varies considerably from experiment to experiment, owing partly to the time of year at which they were sown, and hence to the length of the photoperiod. Since plants in the second 7 x 7 diallel were sown very late in the season, even the early lines took over seven weeks to come into flower, and supplementary illumination had to be used to do this.
The data were first analysed by the method of Yates (1947) and Hayman (1954) . In this analysis variation in the full diallel table is partitioned into genetic (a and b) and non-genetic (c and d) items. The a mean square depends substantially on the additive effects of the genes by which the lines differ, while the b mean square detects non-additive effects; that is, they detect general and special combining ability respectively. The non-additive variation is divided into three parts. In the absence of non-allelic interaction b1 depends on the net effect of all dominant alleles, b2 on variation in dominance attributable to the different parental lines, and b3 on dominance not detected by the other two items. The c mean square depends on the average difference between the reciprocal progeny of each parent, and d on residual variation between reciprocal hybrids. The a mean square provides an unambiguous test for additive variation only in the absence of significant maternal/paternal influences, or at least only when these are small relative to a. Similarly, d interferes with the detection of non-additive variation.
Results of the analyses of variance which were carried out with the aid of an Atlas computer (see Cooper, 1965) are given in tables 5 and 6.
These results have a number of features in common. All show the presence of significant non-additive variation in some form or other and all but the 14 x 14 diallel significant additive variation. The 14 x 14 data provide no evidence for the presence of additive variation because cis not only significant but also greater than a. As there clearly is genetic variation between the lines in this experiment it seems likely that the additive variation is merely confounded with the maternal/paternal effects rather than absent. The large size of the c mean square might at first sight suggest that much of TABLE 5 Analyses of variance in flowering time using the method of Hayman (1954) 14x14 lst7x7 2nd7x7 2nd4x4 **P<0.01; ***<.J the response to selection was due to maternal effect or cytoplasmic rather than nuclear mutations. Significant variation between reciprocal hybrids was not found in the other experiments, however. Further, if this was so the progeny of early selections in the female arrays of the 14 x 14 diallel should flower consistently earlier than their reciprocals in the male arrays and there should be a converse situation for progeny of late selections.
However, the difference between male and female arrays is in the expected direction in only six out of thirteen cases, though the difference is on average 50 per cent. greater in these six cases. The reason for these abnormal maternal/paternal effects is unknown. Two independent sets of families were grown in the first 4 x 4 diallel.
Since the two sets of results are entirely homogeneous there is no evidence for residual heterozygosity in the lines or of non-genetic parental effects.
Although non-additive variation was found in each experiment, it appeared in different forms. In some diallels b1 was significant, indicating 2P 2 that the non-additive effects acted predominantly in one direction, while in others b2 or b3 was significant. Such items give an indication of the overall expression of dominance, and epistasis if present, in the experiment. They do not, however, provide detailed information concerning individual lines. This is best obtained by examining the different variances and covariances derived from the diallel tables.
(b) Variances and covariances
The variances and covariances derived from the diallel tables can be examined in two ways. First, the mean variance and mean covariance of arrays together with other variances, can be used to estimate the components of variation in the manner described by Jinks (1954) . Since five equations are available to estimate five components, a perfect fit is obtained and standard errors cannot be estimated. The estimates of the components, given in table 12, are therefore used only to summarise the data. In view of the results of the analyses of variance, however, it is likely that D and H are significantly different from zero. Some idea of the reliability of the estimates can also be obtained by comparing results from different experiments.
Second, the relation between individual variances and covariances of arrays can be examined to give more detailed information about the contribution of each parental line to the non-additive variation. Plots of Wr against Vr are given in fig. 1 . The environmental component has been subtracted from each of these variances and covariances. If significantly heterogeneous, estimates of environmental variance were calculated for each individual array; otherwise a pooled estimate was used.
In view of the highly significant maternal/paternal effects in the 14 x 14 diallel, covariances and variances were first calculated separately from male and female arrays, and an analysis of the kind suggested by Allard (1956) carried out. influence and error. In the absence of data suitable for scaling tests (Mather, 1949 ) the question must remain open. The position of the control near the origin indicates that most of the induced mutations are recessive compared with their wild type alleles. In general, there are fewer recessive mutations in the early than late lines, hence the significance of b1 found previously (table 5) . Alternatively, individual mutations in the late lines produce a greater effect than those in early lines.
A significant regression of Wr on Vr is also found in the two 7 x 7 diallels (P = 001-000l and P<0.OOl respectively) with slopes (+129±024 and + lOO+008) which do not differ significantly from expectation ( fig.  I ). Unlike the 14 x 14 data, however, the Wr/ Vr regression does not pass through or near the origin. In each case the intercept on the Wr axis is significantly positive (+007±002, P = 002-0'Ol and +3l'09+l37, P<000l). In diallel crosses between homozygous parents this intercept equals (D -H1) (Jinks, 1954 ) and a positive value therefore indicates that dominance is incomplete. This is also shown by the ratio H1/D which is less than unity (table 12 ). In the first 7 x 7 diallel the induced mutations are again recessive to their wild type alleles and late selection lines contain more recessive alleles, or those with greater effect, than early lines. Surprisingly this is so even though two of the" late "lines flowered earlier than the control.
In complete contrast, wild type alleles are almost completely recessive in the second 7 x 7 diallel, and there is little distinction between early and late lines. This result may be due partly to the unusual environment in which the plants were grown, but it mostly arises from the inclusion of S1L1 and its progeny in the diallel. Differences between these and other families account for most of the variation in the experiment. After it had been grown it was found that the greater part of the difference between S1L1 and the control could be ascribed to the action of a single gene. If this line and its hybrids were removed from the set of crosses, the mutations in the remaining lines were found to be mostly recessive to the alleles in the control. Although the results from the second 7 x 7 diallel suggest that the dominance of the induced mutations depended on an unusual genetic background and environment, the data from the two 4 x 4 diallels show that at least some mutations possess this property in more normal genotypes and environments. The regression of Wr on Vr is significant in each case (P = 0•05 -0.01, In each case the induced mutations were dominant over their alleles in the control, even though the two environments were quite different, as shown by the time taken for the plants to flower. The two experiments differed, however, in the sign of (D -H1), which was significantly positive in the first (+057+0l0) and significantly negative in the second (-020+002).
Similarly the ratio H1/D (table 12) is less than one in the first experiment, indicating incomplete dominance, and greater than one in the second experiment, apparently indicating overdominance. An analysis of variance of Vr and Wr (Allard, 1956) showed that the differences between the two experiments were significant, though there was an overall correspondence in the order of arrays (table 8) . 
(c) .Naturally occurring variation
Since it was of interest to compare the properties of induced mutations with those of naturally occurring or wild type mutations, a set of diallel crosses was constructed using parents from six inbred lines from the Laibach standard collection and a control line. The data are summarised in tables 9 and 10. As found previously (Lawrence, bc. cit.) , the variation between these lines was considerably greater than the variation between the selection lines. The majority of this was genetic, and due to additive effects. The nature of the genetic component of variation was obscured, however, by significant differences between reciprocal hybrids, both consistent (c) and residual (d) . Examination of fig. 2) suggests that the non-additive variation was due only to dominance; neither of the two regression slopes deviates significantly from expectation (+ 077 +01O, + 096
Dominance is incomplete since 1(D -H1) is significantly positive in each case (+043±004 and +091±009, P<0001 in both cases). If Enkheim and its hybrids were removed from the diallel table, dominance appeared to act exclusively in the early flowering direction. If, however, Maine and and its hybrids were excluded, Enkheim, which is the earliest of all the lines in the sample, was also found to contain the most recessive alleles. This was so in both male and female arrays. Although maternal/paternal influence modified the expression of dominance in some lines (table 11),   TABLE 11 Analyses of variance in Vr and Wr in the two 6x 6 diallels den ved from the 7x 7 (natural races) diallel there was an overall agreement between the results from male and female arrays. It would appear, therefore, that dominance can be associated both with alleles which delay as well as those which advance flowering. The sample of lines is too small, however, to provide reliable information about the relative frequencies within the species of these dominant alleles.
DISCUSSION
Since the phenotypic variation between the selection lines was small, the data from the experiments described above are potentially vulnerable to distortion from factors which would not be of importance when the variation is greater. This is of course a different matter from the precision of the experiments which by use of suitable replication was generally adequate to detect the small differences involved. One source of ambiguity found in some experiments arose from differences between reciprocal hybrids. These could be minimised or eliminated by taking seed in each cross from at least three or four well-filled pods, and by replicating the set of diallel crosses with independent sets of parents. This procedure may be too laborious in large sets of crosses. Another possible source of distortion which could give rise to variation between inbreds and hybrids, was an effect of emasculation on seed development. It was shown not to be important, however, since offspring from naturally self-pollinated flowers and from flowers which were emasculated and artificially self-pollinated were identical.
Although some of the experiments may be ambiguous in detail, together they point clearly to certain general conclusions. These can be inferred from a summary of all of the data given in table 12. First, the great majority of the variation between the selection lines was due to the additive effects of the induced mutations. Only in the 14 x 14 diallel was the evidence for additive variation ambiguous, owing to pronounced maternal/paternal influence. The reason for this unusual result is not known, but may arise from either genetic or non-genetic heterogeneity within the lines since separate plants were used as male and female parent. Neither kind of heterogeneity could be detected in the control or S lines, but their existence in the A and R lines cannot be ruled out. Second, although the greater part of the variation between lines was additive, significant non-additive variation was results from the second 7 x 7 diallel are reliable, rather little can arise from this cause. Although an unusual genetic background and environment were used in this experiment, it is difficult to visualise how a deletion can be dominant over a normal allele in any circumstances. Such dominant mutations may, of course, arise from duplications, even though no evidence for this kind of mutational event was found in maize (Nilan, 1966) .
The question of the nature of the induced mutations, whether point effects or structural changes in chromosomes, clearly has a direct bearing on the relation between their properties, particularly non-additive ones, and the genotype of the control. As discussed previously (Lawrence, 1968) , two main kinds of relationship can be envisaged. First, the properties of an induced mutation could be determined by the properties of the particular allele before the mutational event took place, as for instance might be the case if all mutations arose from duplication. If it is assumed that all genes are equally susceptible to mutation, a marked deviation in the average properties of induced mutations influencing any given character is expected when different genotypes are irradiated. In addition, a relatively simple dependence of these properties on those of the wild type genes is expected. Second, the properties of the induced mutations could be determined by the factors responsible for the genetic architecture (Mather, 1960) of the particular character studied; that is, they could depend on a complex network of interactions between the mutations and the wild-type alleles, including alleles responsible for dominance modification. Since it is likely that the effect of this network of interactions is relatively independent of small changes in genotype, the properties of induced mutations might be expected similarly to be relatively constant with regard to any one particular character. Such properties would vary with regard to different characters, however, according to the kind of selective forces to which the character had over long periods been previously exposed.
With respect to additive effects, it was concluded (Lawrence, 1968 ) that although in principle it should not be difficult to distinguish between these alternatives, existing data were not adequate to do so unambiguously.
Nevertheless it was felt that the evidence favoured the second hypothesis. The present information concerning the non-additive effects of induced mutations can also be interpreted according to either scheme. Unless the majority of the mutations are deletions and duplications, however, the second hypothesis seems the more reasonable. One feature of the results which requires explanation by either model is the varying frequency of dominant and recessive mutations occurring in early as opposed to late flowering times. On average, late lines contained more recessive mutations in two out of the three larger diallel experiments, including the 14 x 14. Unless deletions occur only, or more frequently, in late flowering lines, this implies directional dominance; that is, early alleles are more frequently dominant in the particular genotype irradiated, according to the first hypothesis or in the species as a whole, according to the second. Although designed to do so, the results from the set of diallel crosses between natural races could not be used to examine this problem bacause of complications arising from maternal effects. In the absence of suitable data from Arabidopsis, results from other species were examined, making the assumption that the genetic architecture of flowering is similar in most plants. The data, given in table 13, were selected using only two criteria; first, that each experiment involved several lines or races, and second, that each exhibited significant non-additive variation. It would appear from this presumably random sample of experiments that non-additive effects act predominantly in the direction of early flowering. If this is true for Arabidopsis, the present results are compatible with the second hypothesis.
In conclusion, it appears that relatively unselected samples of radiationinduced mutations in the polygenic system influencing flowering time are quite similar to their spontaneous counterparts. They probably contrast in this respect with radiation-induced major gene mutations (see Gaul, 1964 , for references concerning the properties of major gene mutations). Lawrence (1963) Melandrium - Lawrence (1964) Papaver Early Lawrence (1965) Whether the similarity arises because such mutations result from addition or loss of pre-existing genetic material, or its rearrangement, or because genotypes have become adapted to recurrent mutation, remains unclear.
Genetic analysis of mutations induced in a number of contrasting genotypes by chemical mutagens less prone to break chromosomes than radiation, would help to solve this problem.
5. SUMMARY
1. Genetic analysis of a number of inbred lines of Arabidopsis thaliana containing radiation-induced mutations in the polygenic system influencing flowering time has been carried out by means of sets of diallel crosses.
2. These lines were obtained by selecting for both early and late flowering in families resulting from the self-pollination of single, previously homozygous plants irradiated as seed.
3. The majority of the variation between the lines arose from the additive effects of the mutations (general combining ability) but significant nonadditive variation (special combining ability) was also found. 4. In most experiments the majority of the mutations were recessive to their wild type alleles, but dominant mutations were also found. Deletions cannot therefore give rise to all of the variation and it is possible that they are of relatively minor importance in this context. 5. Mutations in the late flowering selection lines are generally recessive to those in the early flowering lines, a situation which probably reflects the average dominance relationship among wild type alleles.
6. In general, these relatively unselected samples of radiation-induced mutations possess properties quite similar to those of their spontaneous counterparts. Whether this is because such mutations merely result from addition or loss of pre-existing genetic material, or its rearrangement, or because genotypes have become adapted to recurrent mutation, is not known.
